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Abstract 

Self-assembled magnetic nanomaterials (MNMs) are a class of promising biomateri- 
als possessing excellent physiochemical and biological characteristics, making them 
highly attractive in biomedical applications. A myriad of magnetic nanosystems can 
be created by using self-assembly as a synthetic tool. Favorable nano-bio interfa- 
cial properties are shown in these promising self-assembled magnetic nanosystems, 
while still retaining their physical/chemical functionalities. This review aims to pro- 
vide a systematical overview of the self-assembled MNMs. In addition, this review 
highlights their implementations in cancer theranostics in detail. Overall, this review 
points out the direction for the application of self-assembled MNMs in biomedicine, 
and presents how clinical oncology could benefit from the self-assembled 
nanotechnology. 
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1 | INTRODUCTION 


Due to the serious limitation of drug resistance in con- 
ventional pharmaceuticals,!!-7! new avenues for the ther- 
anostics of cancers have been provided by the expansion 
of nanotechnology.!*~’! Thanks to their controllable size, 
morphology, and physio-chemical properties, pharmaceu- 
tical nanoagents have shown great potential in solving 
healthcare-related cancer issues.'*-!°! Nanomaterials with 
pharmaceutical properties could be prepared by using many 
kinds of materials, including liposomes, polymers, biomacro- 
molecules, and many other inorganic nanomaterials.!*:!!~°9! 


Abbreviations: 6-CD, 6-cyclodextrin; 1D, one-dimensional; 2D, two-dimensional; 
3D, three-dimensional; AMF, alternating magnetic field; AuNWs, gold nanowreaths; 
b-MNP-PGEA, polycation-functionalized bowl-shaped magnetic assembly; Ce6, 
chlorin e6; cCRGDyK, acyclic Arg-Gly-Asp; DDSs, drug delivery systems; ES-MIONSs, 
exceedingly small magnetic iron oxide NPs; FDA, Food and Drug Administration; Gd, 
gadolinium; GdIO, Gd-embedded iron oxide; GSH, glutathione; HSA, human serum 
albumin; MHT, magnetic hyperthermia therapy; MNMs, magnetic nanomaterials; 
MNPs, Magnetic nanoparticles; MRI, magnetic resonance imaging; NPs, 
nanoparticles; NSMs, iron oxide NPs shelled microbubbles; PDT, photodynamic 
therapy; PEI, polyethylenimine; PTT, photothermal therapy; PTX, paclitaxel; SAMNs, 
self-assembled into magnetic nanoclusters; SPIONs, superparamagnetic iron oxide 
NPs; TEM, Transmission electron microscope; USPIO, ultra-small superparamagnetic 
iron oxide; UV, ultraviolet 


In addition, the activity of these nanomaterials can be 
adjusted and improved by surface modification,!?:!07!! 
which will promote their in-depth study in biomedicine. The 
development of many advanced nanosystems in biomedicine 
have been inspired by these interesting properties. In par- 
ticular, nanoplatforms with these nanostructures fabricated 
by self-assembled strategies have demonstrated extensive 
advantages during the laboratory and preclinical studies for 
theranostics of cancer.!?*-?>! 

The most significant feature of the self-assembly pro- 
cess is based on the energy minimization trend from dis- 
ordered state to ordered state, and it is a strategy different 
from covalent conjugation,!!*-*°°°! which depends on some 
relatively weak noncovalent interactions, including hydro- 
gen bonding, van der Waals, electrostatic interaction, and 
hydrophobic interaction.!?*°°°7! There are many examples 
of self-assembled nanomaterials according to this classifica- 
tion, including DNA, proteins, lipid vesicles, and superlat- 
tice nanocrystals.!'!*.7°77>--4] The self-assembly process can 
be realized by the external magnetic fields. Magnetic nano- 
materials (MNMs) for biomedical applications constructed 
by self-assembly nanotechnology can comprehensively uti- 
lize the inherent properties of each basic assembly unit. 
The scientific progress in MNMs by self-assembly and their 
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Magnetic field induced self-assembly. (A) In the schematic diagram of the experimental setup, the hexane solution evaporates under the 


external magnetic field; (B) transmission electron microscope (TEM) image of Fe3O0,4 rounded nanocubes as assembly units; (C) scanning electron microscope 
(SEM) images of beltsjg9; (D) SEM and TEM images of double helix; (E) imaging from Monte Carlo simulations of 1D belt folding into a helix. Reproduced 
with permission.'°?! Copyright 2014 American Association for the Advancement of Science 


potential applications in cancer theranostics are reviewed by 
us according to the current critical studies. First, the con- 
struction strategies of self-assembled MNMs are briefly dis- 
cussed to prove people’s interest in self-assembled MNMs 
in this review. Subsequently, we focus on the integration of 
biomedical diagnosis system, including T,-weighted mag- 
netic resonance imaging (MRI), T>-weighted MRI, and T,/T> 
dual-mode MRI. Furthermore, the imaging-guided treatment 
systems are also reviewed, including drug delivery systems 
(DDSs), photothermal therapy (PTT), photodynamic therapy 
(PDT), and magnetic hyperthermia therapy (MHT). Above 
all, we highlight the advantages and existing challenges 
in potential clinical application for self-assembled MNMs, 
which will be beneficial to increase the investment in science 
and technology. 


2 | CONSTRUCTION OF 
SELF-ASSEMBLED MNMs 
2.1 | Magnetic field—induced self-assembly 


Magnetic field is a significant means to study the mag- 
netic properties of materials. Magnetic field has been devel- 
oped as a new condition for the synthesis and assembly 
of MNMs with the development of self-assembly, which is 
similar to traditional reaction conditions (for instance, reac- 
tion time, temperature). So far, magnetic fields have been 
widely used for nanomaterials assembled of one-dimensional 
(1D), two-dimensional (2D), and three-dimensional (3D) 
ageregates.!°9>-7] As well known, most MNMs exhibit 
anisotropy. The so-called easy magnetic axis is the direction 
that can lead to minimization of the energy of the magneti- 
zation vector for single-phase nanocrystalline ferromagnets. 
The easy magnetic axis of Fe3QO, is along the [111] and [110] 
directions. Therefore, the formation of 1D MNM can be pre- 
pared by a well-controlled external magnetic field along the 
easy magnetic axis. Wang et al. reported growth of Fe3O, 


nanowires induced by the magnetic field.'°*! Subsequently, 
Taheri et al. reported the discovery of an interesting magnetic 
field—induced self-assembled phenomenon of cubic nanopar- 
ticles (NPs) in solution (Figures 1(A)—1(E)).'°?! The interac- 
tion between the induced magnetic dipole and the external 
field was very weak, which was on the order of van der Waals 
force. The past decades have witnessed the progress of the 
self-assembly of MNMs under magnetic fields. Interestingly, 
important effects on magnetic domain, crystal structure, and 
product phase are shown by the applied magnetic field dur- 
ing chemical synthesis. It is easier to prepare materials with 
higher magnetic susceptibility due to the enhancement of 
magnetic exchange coupling in the reaction system under 
the external magnetic field. In addition, the magnetic field 
also shows their great ability in NPs’ assembly. Magnetic 
field—induced self-assembly simplifies the operation steps, 
but requires accurate magnetic field control equipment to 
achieve, which increases the dependence on the equipment. 


2.2 | Magnetic nanoparticles (MNPs)-based 
self-assembly 


MNPs-based self-assembly is a kind of self-assembly of hard 
particles.!*°4°.4!] The predicting of the self-assembled super- 
lattices can be obtained by comparing the relative stabili- 
ties of candidate structures. It 1s necessary to estimate the 
free energy by approximate method due to the difficulty of 
considering all the energy contribution in the system. The 
hard particle model is very suitable for this study to pro- 
vide a good approximation method to describe nanocrys- 
tals with major repulsion or weak attraction in a short 
distance. For instance, 10 kinds of binary nanocrystal super- 
lattices with both 2D and 3D order, through control of the 
core size of nanospheres and the molecular weight, were 
reported by Ye et al. (Figures 2(A)—2(F)).'°*! As claimed by 
the authors, these results provided new opportunities for cre- 
ating mechanically robust inorganic—organic materials with 
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FIGURE 2 





MNPs-based self-assembly. (A) TEM image of Au NPs capped with polystyrene (PS). The same NPs cores without treatment is at inset; 


(B) TEM image of PS-capped Au and Fe30, NPs. Dark-field STEM image of the same NPs is at inset. TEM images of (C) MgZn, (D) CaCus, (E) Ceg Ke, and 
(F) NaZn,3 comprised of PS-capped Au and Fe30, NPs. Reproduced with permission.!°*! Copyright 2015 Nature Publishing Group. (G) Chemical structures 


of B-CD and oleic acid, and oleylamine; (H) TEM (a and b) and SEM images (c and d) of sample B. Reproduced with permissio 


Chemical Society Publishing Group 


controllable nanoscale interfaces and microstructures. More- 
over, Hou et al. reported an approach to assemble MNPs into 
3D nanospheres by organic phase syntheses with surfactants 
including 6-cyclodextrin (6-CD), oleic acid, and oleylamine 
(Figures 2(G) and 2(H)).'°°! This approach could be used for 
the assembling process of other MNPs such as Ni NPs, Co 
NPs, and Fe30,4 NPs. Such self-assembly strategy might play 
an important role in the construction of DDSs. However, the 
self-assembly based on MNPs requires high-quality NPs, so 
the expansion of the system will be limited. 


2.3 | DNA-MNPs self-assembly 


DNA is considered as a core genetic biological molecule in 
living systems. Although DNA molecules are composed of 
simple units, different deoxynucleotide chains and flexible 
conformations can be achieved through precise design and 
organization, which can be programmed. In other words, 
this is the nature of DNA self-assembly. For example, Ma 
et al. introduced DNA-modified MNPs, Y-scaffolds, and 
DNA linkers into the framework of DNA hydrogels to 
construct magnetic controllable DNA hydrogels.!*7! It was 
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noteworthy that the chemical covalent bond between MNPs 
surface amino group and DNA terminal sulfhydryl group 
could improve the stability of hybrid DNA—MNPs hydrogel. 
Furthermore, the DNA—MNPs hydrogel can get various 
stimuli such as temperature, enzyme, and magnetic field 
during the gel-to-sol transition. Wang et al. designed a tita- 
nium dioxide (TiO, )-coated magnetite microspheres-DNA 
dendrimers biological complex as a signal amplifier for elec- 
trochemical detection of polynucleotide kinase activity.!*>! 
As the peroxidase-like activity of MNPs could catalyze the 
reduction of hydrogen peroxide, the synergistic effect among 
MNPs, Ti0,, and DNA dendrimers produced significant 
electrochemical signals, which could be used to detect the 
activity of polynucleotide kinases sensitively. Despite all this, 
the development of DNA—MNPs self-assembly is limited 
by the activity of DNA, which may be influenced in the 
existence of MNPs. 


2.4 | Molecular switches—based self-assembly 


Molecular switches, 
and _ dithiophenene, 


such as azobenzene, pyrrolidine, 
are another important family of 


i? | WILEY 


0 * Se 
15 


| 1-(trans/E) 





D "'. ee * Aut 

*% 6 * « 
efeetse fe 

%e _@ 

sete, Fests 

ee" « aesee" 





H 
HO . 


(MeO)3Si WL~ ANN _On Az 3 


FIGURE 3 


AGGREGATE 


- 
‘ 





300 400 500 
Wavelength (nm) 


Molecular switches-based self-assembly. (A) Lewis structure of the azobenzene photoisomerization process; (B) calculated electron density 


maps for trans- and cis-azobenzene isomers with calculated electron density maps; (C) electronic absorption spectra of the trans- and cis-azobenzene dissolved 
in ethanol. Reproduced with permission.!*°! Copyright 2011 The Royal Society of Chemistry Publishing Group. (D) TEM imaging and construction strategy 
diagram of photoresponsive Au NPs, Fe30,4 NPs, SiO, NPs, and obtained self-assembly Fe304-Auy5 by irradiation of switch-functionalized NPs. Reproduced 


with permission.'*’! Copyright 2016 Nature Publishing Group 


TABLE 1 


Self-assembled structure Self-assembly unit 


Fe;,0,4 NPs and CdTe 
QDs 


Fe304-QDs nanocomposite 


Co cluster-embedded 
Fe, O4 NPs 


Fe, Ou NPs 


Magnetic janus amphiphilic NPs 


Hydrophobic magnetic NP-encapsulated 
amphiphilic polysaccharide-clasped 
self-assembly 


Magnetic hydrogel Fe3O,4 nanospheres 


Magnetic nanoparticle chains Co NPs 


unconventional ligands for guiding the self-assembly of 
nanocrystals.!*°*4-7] Molecular switches are expected to 
realize the reversible remote control of the aggregation 
behavior of nanocrystals by light-induced structural isomer- 
ization. For example, azobenzene in trans isomers became 
cis under ultraviolet (UV) irradiation (Figure 3(A)). The cis 
state was slowly converted back to trans at room temperature, 
which could be accelerated by thermal or blue light (Fig- 
ure 3(B)). When the other end of azobenzene was modified 
and could tether with the binding group on the surface of 
nanocrystalline, their binding to the surface of nanocrys- 
talline could trigger the assembly and recrystallization of 
nanocrystalline remotely. However, under UV irradiation, the 
dipole-dipole interaction between terminal cis-azobenzene 
groups promoted the mixing of ligand crown ethers, result- 


Current self-assembled magnetic nanomaterials and their typical applications and representative references 


Assembly technique Application Reference 
Cross-linked method Magnetic resonance imaging Ref. 48 
(MRI) and Multicolor 
fluorescent imaging 
Ultrasonication-triggered Cancer theranostic Ref. 49 
self-assembly approach 
Electrohydrodynamic MRI Ref. 50 
spraying 
Magnetic field-directed Enhancement of Ret, 51 
assembly magnetothermal effect 
Magnetic flow coating Sensors Ref. 52 


ing in the precipitation of nanocrystals from the solution 
(Figure 3(C)).!*°! It was worth noting that this photoinduced 
instability process could proceed very gently to form regular 
polyhedral superlattices. This was further confirmed by the 
self-assembly Fe3;0,4-Au55 nanostructures reported by Zhao 
et al. (Figure 3(D)).'*’! Therefore, the molecular switches— 
based self-assembly can be used as a universal assembly 
strategy, which is worth further development in the future. 
To sum up, these self-assembly strategies reported above 
provide a variety of choices for the preparation of MNMs. 
In recent years, the important research progress from assem- 
bling MNMs is shown in Table |. It can be seen from 
the Table | that the synthesis strategies and applications 
of self-assembled MNMs have become diversified. How- 
ever, the clinical transformation of self-assembled MNMs in 
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biomedicine is still facing great challenges. More sustained 
scientific research in this field is needed in the future. 


3 | BIOMEDICAL APPLICATIONS OF 
SELF-ASSEMBLED MNPs 

3.1 | Diagnostic systems 

Imaging techniques are indispensable tools to provide biolog- 
ical information in cancer diagnosis and therapy, especially 
at the cellular and molecular levels in living systems. Self- 
assembled MNPs have been proved to have high efficiency in 
ameliorating the navigation of diagnostic agents to the target 
sites and combining several diagnostic moieties in relatively 
simple delivery system. In this section, the advance of self- 
assembled MNPs in common medical diagnostic modalities, 
principally about MRI, will be reviewed. 

MRI is a kind of noninvasive imaging technique, which 
makes full use of the corresponding spin properties of differ- 
ent nuclei to conduct morphological and functional imaging 
in a magnetic field, with high resolution generation of many 
tissues such as brain, muscles, and tumors.!°?! In clinics, MRI 
has the irreplaceability with the advantages of high image 
contrast, high spatial resolution, and no ionizing radiation. In 
recent years, resolution improvement even at the single cell 
level has been the trend in MRI research field. Taken into con- 
sideration that ordinary materials-mediated MRI has lower 
sensitivity to targeted molecules expressed on the cancer 
cells, special targeted contrast agents or probes are required in 
MRI detecting processes. Self-assembly NPs have the exten- 
sive application potential in targeted diagnosis due to their 
ability of controlled surface modification. In addition to para- 
magnetic materials, including superparamagnetic iron oxide 
NPs (SPIONS) and gadolinium (Gd) chelates, some magnetic 
isotopes of other elements such as !°C, *!P, '!°F and 73Na, 
have also served as contrast agents of MRI.!°*! In general, 
two kinds of timing parameters such as longitudinal (T,) and 
transverse (T>) relaxation time weighting are most constantly 
employed for MRI contrast enhancement between the patho- 
logical and normal tissues owing to the intrinsic low sensitiv- 
ity of MRI.!'°! 


3.1.1 | T,-weighted MRI 


Gd-based T, contrast agents are usually used for the purpose 
of reducing the spin-lattice relaxation times of vicinity water, 
to make the targeted area “brighter” in T,-weighted MRI. 
As a new kind of MR contrast agent, Gd-based NPs in the 
self-assembly way were developed with Acetyl-Arg-Val-Arg- 
Arg-Cys(StBu)-Lys(Gd-DOTA)-CBT, which was susceptive 
to furin, a kind of tumor-overexpressed protease. Intracellu- 
lar glutathione (GSH) induced the fracture of disulfide bond 
of the Cys motif and subsequently furin also cleaved RVRR 
motif of the NP precursors, with the generation of active inter- 
mediate, which condensed to yield the amphiphilic dimers 
with a hydrophobic macrocyclic core for self-assembled Gd- 
based NPs via z-—z stacking interaction. The relaxivity of 
the formed dimers was significantly enhanced in contrast to 
NP precursors, which suggested that the self-assembly Gd- 
based NPs exerted more advantageous MRI performance. 
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Meanwhile, the intracellular self-assembly Gd-based NPs 
also enhanced MR contrast in the furin-overexpressed MDA- 
MB-468 cells in vivo.?! Subsequently, an interesting study 
revealed that the different binding sites of Gd°* with dif- 
ferent building blocks of NPs precursors induced otherness 
on the magnetic relaxivity of the complexes. For exam- 
ple, Mo,0,(OAc) and Mo,0,(HPO,7-) moieties improved 
Gd>*-bound keplerates-mediated T, and T> relaxivity values, 
however, this process was restricted on account of that the 
free keplerates were degraded rapidly in aqueous solutions. 
Hence, to enhance the stability, the keplerate complexes were 
self-assembled into ultra-small NPs with hydrophilic coating 
by a triblock copolymer. The optimal keplerate compositions 
had the performance of low cytotoxicity and high stability, 
furthermore, with the superior T,; and T> relaxivity values (95 
and 114 mM™! s~!, accordingly) for MRI.'°°! In addition to 
Gd?*, other self-assembled NPs also served as MRI agents. 
Magnetic gold nanowreaths (AuNWs) were synthesized in 
layer-by-layer self-assembled way, which were responsive 
to GSH. Silica was skillfully designed as the layer between 
AuNW as the inner core and exceedingly small magnetic 
iron oxide NPs (ES-MIONs) as the outside shell, which were 
composed into the magnetic AUNW (Figure 4(A)). There- 
into, the nanostructures such as Au branches, small junc- 
tions, and central holes improved photothermal properties 
of magnetic AUNM compared to Au nanorings via strong 
plasmon coupling. In terms of imaging, the assembled ES- 
MIONSsS were released from magnetic AuNWs through GSH- 
induced response, leading to enhance the T, imaging abil- 
ity. In detail, the GSH solution enhanced the longitudinal 
relaxivity of magnetic AuNWs at 2.8 times compared to that 
before incubation in vitro and the tumor microenvironment 
increased the imaging effects of magnetic AuNWs within 
tumor accumulation at 2.5 times through T, imaging signal 
compared to the individual ES-MIONs in vivo (Figure 4(B)), 
which further suggested that GSH with the high concentra- 
tion in tumor microenvironment was the intelligent switch 
that turned on the magnetic AuNWs-mediated T, imaging 
signal (Figure 4(C)). Meanwhile, the intensive photoacoustic 
effect of magnetic AuNWs exerted the effective photoabla- 
tion of tumors in imaging-guided PTT (Figure 4(D)).°”! 


3.1.2 | T,-weighted MRI 

Usually, owing to a blood system that has the faster clearance 
on the ultra-small superparamagnetic iron oxide (USPIO) 
NPs, they predictably show weaker magnetic resonance prop- 
erties of T, imaging signal than large MNPs or aggregates. 
Hence, to synthetize, the MNPs with appropriate size and 
excellent MR properties are of great importance in the field 
of imaging. Iron-based NPs exhibit incomparable advantages 
over other magnetic NPs.!!*>°! Magnetic Higg iron carbide 
NPs (FesC, NPs) were synthesized with carbon shell coat- 
ing and showed the high-saturation magnetization nature that 
made FesC, NPs as an excellent candidate for T, MRI con- 
trast agents (Figure 5(A)). The in vivo results indicated the 
lowest imaging signal of T,-weighted MRI for 24 h postin- 
jection, revealing it as the optimal time for tumor theranostics 
(Figure 5(B)).'°! Interestingly, the assembly of iron carbide 
NPs and other NPs have expanded their application poten- 
tial in the field of MRI. Iron carbide (FesC, @Fe30,4) NPs in 
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FIGURE 4 _ GSH-responsive self-assembled AuNWs enhanced MRI and imaging-guided PTT. (A) Schematic illustration of the synthesis of magnetic 
AuNWs; (B) T,-weighted MR images of U87MG tumor-bearing nude mice at different timepoints after the injection of AuNWs into mice; (C) schematic 
illustration of the mechanism of that AuNWs turned on the T,-weighted MRI signals through GSH in tumor microenvironment; (D) relative tumor volume and 
survival curves of the treated mice and other controlled mice. Reproduced with permission.!°’! Copyright 2018 American Chemical Society 
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FIGURE 5 _ Iron-based NPs exhibited excellent T,-weighted MRI signal. (A) T> relaxation rate (1/T,) of the FesC, NPs and Resovist; (B) T.-weighted 
MR images of tumor-bearing mice with the injection of Fe;C NPs. Reproduced with permission.!?! Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. (C) Real-time MRI of tumor-bearing mice and the relative MRI signal intensities changing at the tumor site with injection of NPs. Reproduced with 
permission.!!°! Copyright 2019 Nature Publishing Group 
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the core-shell structure!!’! and monodisperse Au-Fe>C Janus 
NPs!!*! exhibited enhanced T, imaging signal in tumor sites 
whether were modified with active targeting molecules on the 
surface. Moreover, Fe/FeO core-shell nanocrystals also had 
the T,-weighted MRI capability. The imaging of Figure 5(C) 
clearly showed the strong signal intensity and made the tumor 
dark, with the higher sensitivity to targeted molecules.!!°! On 
the other hand, intracellular aggregation or self-assembly of 
USPIO NPs is also usually considered as an optimized strat- 
egy for T>-weighted MRI. A kind of Ac-Asp-Glu-Val-Asp- 
Cys (StBu)-Lys-CBT-—modified USPIO NPs based on Fe30,4 
for T,-weighted MRI were designed through the enzyme- 
promoted condensation reaction (Figure 6(A)). The NP pre- 
cursors were subjected to GSH reduction and Caspase 3- 
cleavage to yield the cyclized dimers, subsequently, led to 
self-assembly of individual Fe3;0, NPs into larger MNPs 
(Figure 6(B)). The in vitro (Figure 6(C)) and in vivo (Fig- 
ure 6(D)) results indicated that self-assembled Fe,0, NPs-— 
enhanced T, imaging signal mediated by tumor apoptosis.!°”! 


3.1.3 | T,T, dual-mode MRI 


Some paramagnetic materials used as T1 contrast agents, rep- 
resented by Gd**+ chelates, can generate a bright contrast 
with high signal intensity, but are limited due to their insen- 
sitivity and low MR relaxivity.'©°! Alternatively, T, contrast 
agents such as SPION, are comparatively sensitive to the 
detection of pathological tissue, while have low signal-to- 
noise ratios induced by the artifacts and dark contrast.!°!! 
Consequentially, MR contrast agents with the advantages of 
T, and T> contrast are recommendable for superior MRI. 
These dual-mode contrast agents simultaneously provide the 
capacity of the contrast and sensitivity enhancement through 


signal reconstruction and visualization.!°7! Recent investi- 
gations into T,/T, dual-mode contrast agents have evolved 
to the single self-assembled MNPs consisting of T, and 
T> contrast agents.!°°! A new smart T,/T> dual-mode con- 
trast agent was successfully fabricated by the targeted CD105 
peptide CL 1555, amphiphilic block copolymer PEG-b-poly 
(e-caprolactone) as the shell, and dozens of hydrophobic 
MnFe,0O, MNPs as the core. The designed nanostructure in 
self-assembled fashion had the higher relaxivity than sin- 
gle MnFe,O, MNPs. Initially, the complex NPs mediated 
T>-weighted MRI for the CL 1555 labeled tumor vascular 
endothelial cells in the dark contrast. Subsequently, the Mn7* 
ions were released from MnFe,O, MNPs, with the results 
of making the T,-weighted MRI signal intensity enhanced, 
which provided a novel nanoprobe for T,- and T-dual mode 
MRI of tumor angiogenesis.!*! Another kind of T,- and T>- 
dual mode MRI-visible vector was self-assembled into nan- 
oclusters with a core of Gd-embedded iron oxide (GdIO) NPs 
and a shell of stearic acid-modified low molecular weight 
polyethylenimine (PEI). By forming nanoaggregates, the NPs 
exerted the enhanced rj value compared to the GdIO-DMSA 
NPs through the strong exchange coupling effect, while the 
similar r, value to that of GGIO-DMSA NPs through a strong 
integration effect. This smart nanoplatform provided the new 
strategy of noninvasive T,- and T>,-dual mode MRI monitor- 
ing capability.!°>! 


3.2 | Imaging-guided therapeutic systems 

Imaging-guided therapeutic systems are the crucial tools to 
achieve visual and accurate treatment in cancer therapy.!°°! 
Self-assembled MNPs as DDSs can transport therapeu- 
tic agents to targeted sites in vivo through functionalizing 
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the surface, in order to improve the treatment efficiency. 
On the other hand, self-assembled MNPs also have some 
intrinsic properties to trigger PTT and PDT. In this sec- 
tion, the advance of self-assembled magnetic NPs-mediated 
imaging-guided therapeutic systems in cancer therapy will be 
reviewed. 


3.2.1 | DDSs 


Chemotherapeutic drugs are usually effective in tumor 
inhibition,'°’-°°! however, due to the pervasive toxicity, the 
safe and efficient DDSs are urgently needed. A kind of MNPs 
as DDSs was designed in the self-assembled synthetic strat- 
egy. Doxorubicin (Dox)-encapsulated supramolecular MNPs 
(DoxSMNPs) was made from a fluorescent anticancer drug 
Dox and four molecular building blocks: Ad-PAMAM, 6 nm 
Ad grafted Znog 4Fe> 604 superparamagnetic NP (Ad-MNP), 
CD-PEI, and Ad-polyethylene glycol (PEG) (Figure 7(A)). 
The self-assembled MNPs were triggered in the heat trans- 
former to lead to the burst release of Dox in alternative mag- 
netic field, with the results of significant inhibition effect on 
tumors (Figure 7(B)), which suggested that this drug deliv- 
ery/release system with temporal and spatial controllability 
as drug candidates may increase selectivity and reduce side 
effects of drugs with higher toxicity.!©’! SPIONs have been 
approved to be applied in cancer imaging, diagnostics, and 
treatment by the Food and Drug Administration (FDA) due 
to their excellent biocompatibility. A kind of SPIO NPs that 
self-assembled into magnetic nanoclusters (SAMNs) were 
developed as a theranostic nanosystem. PEG and paclitaxel 
(PTX) were maintained through high affinity complexation 
in the 6-CD cavity that conjugated to SPIO NPs. Interest- 
ingly, in addition to that large cluster size and dense iron 
oxide core enhanced MR contrast, a special peptide target- 
ing to the tumors made SAMNs accumulated into tumors in 
abundance, which made the signal of tumor more distinct. 


PTX loaded into B-CD was released in a controlled man- 
ner with the results of more accurate and efficient treatment 
effect.!/°! Similarly, the four-arm PEG-poly(e-caprolactone) 
copolymers were designed to form a kind of magnetic star- 
shaped micelles in the self-assembled way with disulfide 
bonds as intermediate linkers. Antitumor chemotherapy drug 
Dox and magnetic iron oxide NPs (Fe30,4) were loaded 
into the hydrophobic cores. The NPs were effectively trans- 
ported to the tumor in a dual-targeted way with the salic 
acid—mediated active targeting and magnetic field—mediated 
passive targeting, leading to a high therapeutic efficacy to 
tumor cells.!7!! Excepted for DDSs, self-assembled MNPs 
were also designed to deliver some DNAs for gene ther- 
apy. Magnetic Fe30,4 NPs were self-assembled in the form of 
a polycation-functionalized bowl-shaped magnetic assembly 
(b-MNP-PGEA). MNP-PGEA was incorporated with some 
cationic polymer, which achieved the pDNA condensation 
via electrostatic interactions. The in vivo results indicated that 
the combination therapy with Fe;0, NPs-mediated PTT and 
gene therapy showed stronger tumor inhibition effect than 
monotherapy.! ’7! 


S22 | PIT 

PTT is an important tumor ablation treatment, which 
makes the conversion from light energy to heat by laser 
irradiation.!'!-’°! Hence, the strategy of PTT and chemother- 
apy has attracted much attention of research in cancer therapy. 
Recently, Chen group reported a Pt prodrug polyphenol and 
Gd>*+-loaded cancer theranostics nanoplatform containing a 
mild acidic pH and thermal sensitive polymer for multimodal 
therapy (Figure 8(A)). PEG—PDI-PDPA polymer and PEG— 
PDI-C5,9 were self-assembled to form the appropriate cores 
and shells. Pt prodrug polyphenols chelated with Gd°+ (3%) 
were encapsulated in the core with high loading efficiency 
of drug (20%). The self-assembled NPs were trigged to 
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heat generated by external NIR irradiation and tumor-specific 
acidic pH to release Pt drug in the controlled manner, which 
reduced the side effects of Pt drug to normal tissues. In terms 
of imaging, the signal of MR was increased at three folds 
in T, relaxivity, which provided real-time tracking of NPs 
for combination therapy (Figure 8(B)). Of course, the ani- 
mal results showed the significant inhibition effect on tumor 
in the synergistic therapy combining PTT and chemotherapy 
(Figure 8(C)).'/*] Moreover, self-assembled iron oxide NPs 
shelled microbubbles (NSMs) were fabricated in one nanoth- 
erapeutic platform with the multiple synergizing responsive- 
ness (e.g., magnetism, acoustics, and optics). NSMs could 
be targeted to the tumor site in magnetic field in a passive 
way. Subsequently, iron oxide NPs were released triggered 
by ultrasound, with the results of facilitating the penetration 
of NPs deep into the tumor due to the cavitation effect of 
microbubbles. Magnetic hyperthermia and PTT mediated by 
iron oxide NPs inhibited the growth of different tumors to 
overcome drug resistance due to the heterogeneity of tumors, 
which exerted a promising combined treatment of tumors.!”>! 


3.2.3 | PDT 


PDT is a novel cancer therapy containing three elements, 
including oxygen, light, and a photosensitizer, leading to 
reactive oxygen species generation, which is lethal to cancer 
cells.!’°! PDT has many advantages over conventional cancer 
therapies such as minimal invasiveness, low systemic toxicity, 
and high response. Liu group designed a kind of drug-induced 
self-assembly of modified albumins as nano-theranostics 
nanoplatform. Abraxane as an FDA-approved nanomedicine 
drug was provided with the antitumor effect through the 
mechanism of that PTX could bind to human serum albumin 
(HSA) via hydrophobic interaction. According to the strategy, 
the self-assembly of HSA modified with either a photosen- 
sitizer chlorin e6 (Ce6) or acyclic Arg-Gly-Asp (CRGDyK) 
peptide was induced by PTX. Ce6 provided the chelating site 
for Mn?* to mediate MRI. On the other hand, cRGDyK pep- 
tides induced active targeting Rv63-integrin overexpressed on 
tumor angiogenic endothelium. Both two kinds of albumin- 


based NPs exhibited obviously improved therapeutic efficacy 
on tumors in the combination with PDT and chemotherapy. 
This work provided a new designed strategy of self-assembly 
method trigged by drug for multiscale imaging-guided can- 
cer therapy.!’’! Different self-assembly strategies of MNPs 
were also used in the PDT of cancer. The fabrication of 
a supramolecular nanoplatform via the amphiphilic amino 
acid (9-fluorenylmethyloxycarbonyl-L-leucine, Fmoc-L-L)- 
modulated self-assembly of an MRI contrast agent (ionic 
manganese, Mn**) and photosensitive drug (chlorin e6, Ce6) 
were designed. Fmoc-L-L, Ce6, and Mn?t actuated self- 
assembly coordination bonds with a nanoscale supramolecu- 
lar network via hydrophobic interaction and z-stacking. This 
kind of NPs had the capability of high drug loading, intrinsic 
good biocompatibility, and stability. More importantly, the 
NPs were reactive to GSH that was at the high concentra- 
tion in the tumor microenvironment, which trigged the dis- 
assembly of NPs. Photosensitizer-trigged PDT was used to 
enhance tumor ablation in the cooperative assembly process 
of these components with the synchronization effect, and to 
improve the reductive tumor microenvironment via the com- 
petitive coordination of GSH with Mn7*, which suggested a 
self-assembly of a multifunctional theranostic nanoplatform 
from minimalist biological building blocks.!7*! 


3.2.4 | MHT 

MHT is the approach that utilizes the heat generation of 
MNPs in the external alternating magnetic field (AMF) to 
achieve the therapeutic effects. MHT has been attempted 
to diversified cancers including lung, breast, prostate, and 
liver cancers.!’?! Multifunctional theranostic nanoplatforms 
were designed with superparamagnetic Fe3;0, NPs and pho- 
toluminescent PbS/CdS quantum dots in the self-assembled 
way. Interestingly, this kind of self-assembled MNPs had the 
dual capacity of magnetothermal therapy and PTT, which 
were more efficient than single thermal therapy for can- 
cer treatment. The results indicated that the dual thermal 
energy transfer efficiency had seven times amplification com- 
pared with magnetic heating alone.!°?! Another kind of 
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SPION-loaded nanocapsule hydrogels were also developed 
for MHT. The nanostructure consisted of self-assembled 
poly(organophosphazene) nanocapsules as the shell and 
embedded SPIONSsS as the core. Multiple MHT induced the 
cancer cell death via necrosis and showed no damage to the 
healthy tissues around tumors, which greatly improved the 
efficiency of MHT than single magnetic thermal ablation.!*!! 

In conclusion, self-assembled MNPs for constructing mul- 
tifunctional materials have opened the prospects of biomed- 
ical application in translational fields with the advantages 
of relatively simple preparation, high stability, multivalent 
effect, and potential clinical translation value. Interestingly, 
a kind of self-assembled of magnetic and photoluminescent 
NPs were developed for disease detection in vitro. Iron 
oxide NPs modified with antibodies to capture targeted 
proteins performed the function of magnetic enrichment and 
manganese-doped zinc sulfide (ZnS:Mn) NPs as photolumi- 
nescent substrate were used for quantitative measurement 
of protein. This sandwich assay format provided with the 
advantages of dispensing with washing steps and enhancing 
the cascade amplification of signal. Simultaneously, this 
kind of self-assembled NPs effectively increased the detec- 
tion sensitivity and economized the cost of enzyme-linked 
immunosorbent assay, which improved the potential of clin- 
ical disease in vitro detection.'**! Although most of present 
research have focused on the basic research, in vivo experi- 
ments can still provide some theoretical guidance for clinical 
translation, including diagnosis and treatment. In order to 
give impetus to the clinical application of self-assembled 
MNPs, the biocompatibility in vivo should be considered. 
Some surface modification through organic molecules has 
provided biocompatibility and long-term stability of self- 
assembled MNPs in vitro.!®°! On the other hand, the cell 
toxicity effect of self-assembled MNPs is closely bound up 
with the concentration of MNPs. In general, high dose of 
NPs may be more likely to induce cell growth inhibition. 
While most cells can survive under a low concentration of 
MNPs due to the relatively high colloidal stability, even 
a small amount of quantum dots are retained in vivo.!**! 
Although biocompatibility has been improved by concentra- 
tion control,'®*! surface modification,!®°! and electric charge 
change,|*°! it is still the direction of further optimization 
in the future. It is worth mentioning that appropriated size 
and surface modification can allow self-assembled MNPs to 
be metabolized out through the kidney and liver, leading to 
further reduce toxicity in vivo.!*7! 


4 | CONCLUSIONS AND OUTLOOK 


In conclusion, self-assembly technology can develop MNMs 
with good structure and biological activity, which are very 
suitable for biomedical applications. These self-assembled 
magnetic nanostructures can be easily and efficiently com- 
bined with a large number of biological functional agents, so 
they can be customized according to specific needs. So far, 
their high potential applications have been proved by sev- 
eral successful examples. However, as discussed in the pre- 
vious section, although these nanosystems envision a bright 
future for us, these findings do not immediately benefit can- 
cer patients by translating them into clinical practice. The 
structure—function correlation and potential molecular mech- 
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anism need to be further revealed, which may be the key 
to enhance its effective application in biomedicine. Never- 
theless, we believe that with the development of nanotech- 
nology and biotechnology, these obstacles will eventually be 
overcome, and the application of self-assembled magnetic 
nanosystems may be extended to more healthcare fields in 
the future. 
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